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INTRODUCTION. 


As the life-history of these fishes is intimately correlated with 
their viviparity, it may be of interest and pertinence to consider 
first some of the main features of viviparity in fishes. Most 
fishes are characterized by the prolific production of ova that are 
fertilized in an almost fortuitous manner. Within the group, 
however, some form of protection of the eggs has become re- 
peatedly evolved, in correlation with a decrease in the number 
of ova and with a less random fertilization. This protection is 
variously accomplished by one or both parents,—by the burying 
of the eggs in relatively safe situations; the construction of 
nests of gravel, plants or bubbles; the driving of predatory 


181 





182 CARL L. HUBBS. 


enemies away from the eggs or young; the gestation of the young 
within the mouth or blood pouch; the enclosure of the eggs in 
a tough capsule, or finally by the actual development of the 
young within the oviduct or ovary of the mother. 

The degree to which this viviparity has become perfected varies 
widely in the different groups of viviparous fishes. Some 
teleosts, such as the scorpenoid fishes, give birth to thousands 
of minute embryos, still nourished by a relatively large yolk-sac ; 
while others bear only a few young, but fully developed and 
capable of self-support, almost immediately after birth, in the 
normal manner of adult fishes. In some of these, as the 
Peeciliidz, the embryos are nourished by the yolk in the egg, and 
a meroblastic type of cleavage persists. In the Embiotocide or 
viviparous perches on the other hand, the yolk is greatly reduced 
in bulk, the cleavage approaches the holoblastic type (according 
to Eigenmann, 1894, etc.), and the embryos are profoundly modi- 
fied structurally. 

The viviparous perches (see Figs. I and 2) comprise a com- 
pact group, the family Embiotocide (and the suborder Hol- 
conoti) of the Acanthopterygii or spiny-rayed fishes. The group 
is relatively old, apparently, for the many structural features cor- 
related with viviparity are common to all of the species, and hence 
became fixed before the extensive generic differentiation char- 
acteristic of the family arose. Almost all of the species are 
generically distinct from the others, another situation suggesting 
the age of the group (cf. Eigenmann and Ulrey, 1894; Jordan 
and Evermann, 1898, and Hubbs, 1918). The immediate rela- 
tionships of the Embiotocide not being appar<nt, nothing definite 
can be said concerning the origin of their viviparity. 

The viviparity of the embiotocids was first definitely made 
known by Dr. A. C. Jackson in 1853, in a letter to the elder 


Agassiz. These fishes then almost immediately attracted the at- 


tention and study of a number of zoologists, among whom may 


be mentioned both Louis and Alexander Agassiz, Gibbons, and 
Girard. Later Ryder, and particularly Eigenmann, studied their 
embryology, and Jordan and Gilbert, Eigenmann and Ulrey and 
others also studied the group (see bibliography). I have re- 
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cently reviewed the family from a taxonomic standpoint (Hubbs, 
1918), and have studied the life-history of several species, that 
of Amphigonopterus aurora (Fig. 2) in greatest detail. Although 


the following account is largely based on this species, comparisons 
with others are made in several connections. 


Eco.oey. 


Nothing whatever has been written concerning the life-history 


of Amphigonopterus aurora, the only species of the genus, and all 
that has been printed concerning its environmental relations is the 
statement that it is an inhabitant of the tide-pools of Monterey 
Bay, California, and that it feeds on alge. Its habit of feeding 


Fic. 1. Adult female of Micrometrus minimus. 


on alge, except when very young, when I found it feeding on 
copepods, is correlated with its tricuspid teeth and comparatively 
elongate intestine. Similarly I found that the related Micro- 
metrus minimus (Fig. 1), though chiefly herbivorous, feeds on 
small crustaceans when young (Pt. Loma; December 31), and 
occasionally is caught on clam bait when adult. These two species 
alone comprise a distinct subfamily, the Micrometrine, which I 
have recently distinguished (Hubbs, 1918). 

Amphigonopterus aurora inhabits the tidal pools and channels 
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along the rock-bound portions of the central California coast, 
its habitat differing widely from that usual to the species of 
the family, most of which live in the surf along sandy beaches, 
or in sheltered bays. In the preference of this species for this 
extreme type of habitat it is perhaps most nearly approached by 
Micrometrus minimus. The associational distribution of even 
these two species is, however, imperfectly complementary. Both 
range from the region of San Francisco southward ir the cold 
coastal waters of central California to the reefs about Point 
Conception, where the habitat of A. aurora is abruptly terminated, 
whereas that of M. minimus is continued southward in the rela- 
tively warm waters along the coasts of southern and of Lower 
California. Micrometrus minimus is in fact most abundant in 
the warmer southern portion of its range, although fairly com- 
mon northward, where the ranges of the two species coincide. 
Here, however, M. minimus occupies to a large extent a biotic 
association different from that of its congener, but adjacent to 
it: it lives and breeds in or not far below the lowermost tide- 
levels, mostly in the low, deep, plant-filled pools of the reefs (but 
also in enclosed bays and esteros). Amphigonopterus aurora, in 
contrast, is restricted to the reefs, and while breeding at times 
even in the same pools with its relative, more commonly lives and 
breeds in the pools and channels of medium tidal height, particu- 
larly those that are largely open, free of eel-grass and alge, and 
floored with sand. The breeding season of Amphigonopterus, 
moreover, appears to begin earlier than that of Micrometrus in 
central California (see following section). Both of these fishes 
were found associated in the lower outer rock-pools of the Cali- 
fornia reefs with the following other species of the family: Em- 
biotoca jacksoni, E. lateralis, Hypsurus caryi and Cymatogaster 
aggregatus. 


In these open pools the fishes of this species swim about freely 


in schools? at low-tide, occupying the mid-water stratum chiefly, 


1 That these schools of A. aurora remain intact for considerable periods of 
time appears probable from two sets of observations. A number of pools on 
the reefs just south of Piedras Blancas, and just south of Pt. Sal, by careful 
observation over a period of several days (during a single series of low-tides 
in each case), were found to contain many more individuals than any of the 
adjoining pools, and to contain schools of apparently the same individuals, 
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occasionally leaping clear of the water (a habit observed only at 
Pt. Purisima, California, on August 13). During high-tide, how- 
ever, they must seek the protection of crevices in the sides of the 
pools, for otherwise they would be dashed about on the rocks by 
the pounding, churning surf as it breaks on the reefs. In corre- 
lation with its preference for pools clearer of vegetation, and 
with its habits of swimming about rather more freely, Amphi- 
gonopterus aurora is more extensively silvery than Micrometrus 
minimus, and lacks the dark color pattern characteristic of that 
species? (see Fig. 1). In this connection we should recall that 
practically all free-swimming or pelagic fishes are silvery and 
lack the dark markings usually developed in fishes which live 
among rocks or plants. 

Like most reef-fishes examined, Amphigonopterus aurora is 
not heavily parasitized, a fact apparently correlated with the 
strength of the wave and tidal currents on the reefs. Occasion- 
ally, however, a slender lernzeean copepod was found attached to 
the inner surface of the base of the pectoral fin, or to the anal fin 
near its base. 

BREEDING SEASON. 


The breeding season of Amphigonopterus aurora is the sum- 
mer, approximately synchronous with that of Cymatogaster ag- 
gregatus, which breeds in bays and estuaries. It begins shortly 
before the first of June, as is evident from the observations made 
on the reefs of Piedras Blancas, California, during the first week 
of that month. Most of the many females taken on that occasion 
contained young, relatively few of the largest being spent. Fur- 
thermore, all of the hundreds of young in the higher pools were 
approximately of the size at which they are born. The breeding 


judging from the approximate number of the fishes of each size. In a number 
of pools fished during the summer and fall, the young of the year of each 
sex were so uniform in size that it seemed probable that they had remained in 
that pool together since their birth at some time during the breeding season. 

2 The most conspicuous color feature of Amphigonopterus aurora (the one 
on which its specific name was based) is the longitudinal band of golden or 
orange color, which is rarely obsolete (a row of blotches of similar color and 
position often is present in M. minimus, representing this longitudinal band 
of A. aurora). In young specimens the vertical fins are dusky with a reddish 
tinge, the spinous dorsal, and in the male the anterior portion of the anal fin, 
being darkest; the pectoral, nearly colorless. 
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season was found to be still at its height about the middle of July, 
but to have ended long before October 26. 


The breeding season of Micrometrus minimus in central Cali- 
fornia apparently commences somewhat later than that of Am- 
phigonopterus aurora. Of females taken in the same pool near 
Piedras Blancas on June 2, those of Micrometrus contained 
embryos from 4.6 to 18.7 mm. long, none ready for birth, whereas 
those of Amphigonopterus contained embryos 12 to 34 mm. long, 
the largest obviously ready for birth, being similar to numerous 
young found at the same locality. A single female of Micro- 
metrus collected at Point Purisima, California, on August 14, 
was spent, but all of those taken during June still contained 
young. Young showing considerable growth since birth were 
taken in reef-pools of southern California early in July, suggest- 
ing that the breeding season occurs earlier in the warmer waters 
to the southward. 


SEX-RATIO IN ADULTS, YOUNG AND EMBRYOS. 


In the breeding pools poisoned near Piedras Blancas, the 
females were found to be more numerous than the males, in the 
proportion of nearly two to one: of those taken (by poison) and 
sexed, 139 proved to be males; 264, females... An unrecorded 
observation by Dr. C. H. Gilbert on Cymatogaster aggregatus 
may have some bearing on this point: he has observed a single 
male “herding about” several females. On the contrary I ob- 
served several small fishes of the same species, presumably males, 
accompanying a mating pair (Hubbs, 1917). However this may 
be, the numbers of the sexes of the young fishes were found to be 
approximately equal in two pools at different localities fished in 
the autumn, after the close of the breeding season: in these two 
pools, 83 young males and 82 young females were obtained. The 
35 adult specimens of Micrometrus minimus obtained in a single 
pool near Piedras Blancas comprised 19 males and 16 females. 

A more accurate sex-ratio can be obtained by determining the 
sex of a series of embryos, by means of the secondary differences 
in the anal fin, which become clearly evident very early in the 


1 This difference in the sex-ratio may be determined by the greater lon- 
gevity of the females. 
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development of Amphigonopterus and Micrometrus (see next 
section and Fig. 2). Of 630 embryos of Amphigonopterus aurora 
(from mothers one to four years old), 337 were found to be 
males, 293 females (sex-ratio: 100 males to 87 females); the 
ratio does not vary with the age of the parent fishes, being 100 to 
86.5 in the embryos from the yearling females only. Of 150 
embryos of Micrometrus minimus examined, 76 were males, 74 
females ; the proportion of males to females in each of the seven 
cases included was, 7 to 9, 9 to 14, 10 to 12, 10 to 13, 11 to 8, 13 
to 12, 16 to 6. No tendency toward uniformity in sex even of 
embryos lying within the same ovarian sheets was evident; hence 





| 
Liver | Testes 


Stomach ™ anal fin 


Senual dtrvctores ____ 1 a ee 


Fic. 2. Newly-born young male of Amphigonopterus aurora, from near Piedras 
Blancas, Cal. Dissected to show mature development of testes. 


polyembryony does not occur. Eigenmann recorded similar data 
for Cymatogaster aggregatus, having distinguished the sexes cyto- 
logically. 


EarLy DIFFERENTIATION OF THE SEXES, AND THE NATAL 
MATURITY OF THE MALEs. 


Secondary sexual differentiation is early manifest in the de- 
velopment of Amphigonopterus aurora and Micrometrus mini- 
mus. The differential number of anal rays characteristic of the 
sexes of each of these two species (Hubbs, 1918) is clearly ap- 
parent in embryos only 12 mm. long (the anal rays are first 
formed when a total length of about 10 mm. has been attained). 
Eigenmann was unable to distinguish the sexes in Cymatogaster 











188 CARL L. HUBBS. 


cytologically at earlier stages than this, although he traced the 
development of the sex-cells from much smaller embryos. 

At the 15 mm. stage the sexual differences in the form of the 
anal fin are also apparent in Amphigonopterus and Micrometrus, 
although the gonad remains merely a fine strand of tissue; but at 
the 20 mm. stage the testes have begun to enlarge, and a slight 
thickening of the radial membranes marks the position of the 





Fic. 3. Section of testis of a newly-born Amphigonopterus, showing several 


stages in spermatogenesis. 


elaborate gland developed later on the anal fin of the male. The 
development of these primary and secondary sexual structures 
thence rapidly proceeds in Amphigonopterus aurora until birth, 
at which time the gland on the anal fin is fully elaborated (see 
Fig. 2), and all stages in spermatogenesis from the primordial 
germ cells to transforming spermatids at least are evident in the 


testis, the spermatogonia predominating. Just after birth, the 
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transforming spermatids and spermatozoa appear most abundant 
(Fig. 3): the testes, as well as the gland on the anal fin, are as 
well developed in these newly born males, as in the one-, two- 
and four-year-old males obtained during the breeding season. 
Both the primary and secondary sexual structures become greatly 
reduced in size during the autumn, winter and spring of the first, 
as of the succeeding years. In fact two young males only a few 
millimeters longer than the birth stage, collected in June, were 
already “spent.” The writer has further determined that the 
testis becomes similarly enlarged in Micrometrus minimus and in 
Cymatogaster aggregatus just before birth. No evidence was 
obtained, however, to indicate that the males of Embiotoca later- 
alis are mature at birth; even the two one-year-old males of this 
species (111 and 116 mm. long to caudal) obtained near Pt. Sal, 
in California, on June 17, with breeding females, were immature. 
It is quite possible that the natal maturity of the males is con- 
fined to the smaller species of the Embiotocidz. 

This natal maturity of the males is particularly significant in 
view of the fact that the females bear young first at the age of 
one year. This phenomenon, while unique in the whole class of 
fishes, so far as the writer is aware, finds a. physiological parallel 
in protandric hermaphroditism, in the frequent early maturing 
of the male (the 


“ee 


grilse”) in the Salmonidz, and in the earlier 
seasonal activities of the males of many animals. 


COPULATION, AND THE STORAGE OF SPERMATOZOA. 


Dr. Eigenmann (1894, p. 420) summarized one phase of his 
studies of another viviparous perch with this statement: “ Copu- 
lation takes place in Cymatogaster during June or early July, 
although the eggs are not fertilized till the following December.” 
He based this conclusion firstly on observations on the seasonal 
activities of the two sexes, and on the seasonal development of 
the testes in the male, and secondly, on the discovery of the 
presence of spermatozoa in the oviduct and in the ovarian folds 
of the female, during the latter part of the summer, and the 
autumn. The writer has been able to extend this evidence by the 
first observation of the copulation of this, in fact of any, embio- 
tocid. The female of the pair in question upon capture was 
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found to contain only one young, partially protruding from the 


oviduct, and of the same size as numerous others recently born, 
found swimming about in the same body of water (Hubbs, 1917). 

In Amphigonopterus aurora also it is probable that, copulation 
having taken place during the breeding season in the summer, 


the spermatozoa are retained in the females until winter (or pos- 
sibly late autumn or early spring), when fertilization occurs and 
whence intramaternal development proceeds for several months ; 
and that, therefore, one year elapses between the time of copula- 
tion and the birth of the young. Six lines of evidence lead to, or 
are at least not inconsistent with, these conclusions. 

1. This condition apparently holds in Cymatogaster aggregatus, 
a distantly related species in which the breeding season is ap- 
proximately synchronous with that of the present species, the 
structures correlated with viviparity similar, and in which the 
adults, and the young at birth, are of similar size to those of 
Amphigonopterus aurora. 

2. Females taken in the autumn contained no young, and males 
secured on October 26, November 25 and April 1 had small and 
obviously non-functional testes, whereas all of the males taken 
with the breeding females in the summer had mature testes. This 
is true also of Micrometrus minimus, and perhaps of all embio- 
tocids. 

3. The smallest embryos, only 12 mm. long to the caudal fin, 
taken from any of the females secured in June, would presum- 
ably have attained their full embryonic size (about 30 to 35 mm.) 
late in the summer, toward the end of the breeding season. This 
fact suggests a moderately long period of gestation; the largest 
females, which at this time were bearing young, presumably had 
contained embryos for several months. A similar situation holds 
also in the case of Micrometrus minimus. 

4. The largest females, which produce young early in the sea- 
son, were found to be in a spent condition, not containing a new 
lot of embryos, during the months of July and August. Although 
the data are less complete, this condition appears to hold also in 
the case of Micrometrus. 


5. The fact that the smaller yearling females bear fewer young 
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than do the larger ones (as also in Micrometrus minimus and 
other embiotocids) suggests that fertilization is delayed for a 
considerable period subsequent to copulation. Now it is a well- 
known fact, in oviparous as well as in viviparous fishes, that the 
larger females of a given species are more prolific than smaller 
ones, and that is the situation in this family. In the present in- 
stance, however, it is presumed that the copulation preceding the 
development of the first brood of young (those carried by the 
yearling females under discussion) takes place soon after birth, 
when there is little variation in size or age (see preceding sec- 
tion). If fertilization were then immediately effected, some 
rather anomalous method of fertilization, or of egg production or 
resorption, would have to be postulated to explain why those 
females which would be smaller at the end of pregnancy bear 
fewer young than those females, which for some reason, early 
birth or otherwise, are destined to be larger when their young 
are ready for birth. But if it be assumed that fertilization is de- 
layed for some time, until a considerable variation in size shall 
have arisen, the bearing of the fewer young by the smaller year- 
ling fishes becomes no longer such a special problem. 


6. Finally, the young males are sexually mature immediately 
after birth (see preceding section), at a time when they are asso- 
ciated only with the newly-born females, which apparently do not 
bear young until the next breeding season, one year later. A 
similar situation presumably holds in the cases of Micrometrus 
minimus and Cymatogaster aggregatus. 


EMBRYONIC DEVELOPMENT AND NATAL METAMORPHOSIS. 


The developing embryos of the Embiotocide, in compensation 
for the reduced amount of yolk in the relatively minute egg, de- 
rive their nourishment almost entirely from the nutritive ovarian 
fluid in which they are bathed. This fluid, as Eigenmann (1894, 
etc.) determined, is circulated by the action of cilia through the 
embryos. The portion of the alimentary canal in which absorp- 
tion chiefly takes place is doubtless the hypertrophied hind-gut, 
which in the embryos of Amphigonopterus and Micrometrus, as 
of other genera of the family, is a wide but thin-walled tube 
nearly filled with long, hollow, vascular villi. The respiration of 
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these embryos is seemingly largely effected over the surface of 
the body and fins, especially in the highly elevated vertical fins, in 
the distal dermal flaps of which the large interradial vessels form 
an extensive capillary net-work (cf. Ryder, 1885, 1893). The 
embryos, thus supplied with food and oxygen, pass through their 
development in the ovary, lying tightly packed against the ovarian 
walls and ovarian sheets, some directed forward, others back- 
ward, in such a fashion, as Agassiz long ago pointed out, as 
greatly to conserve space. 

About the time of birth, the young of Amphigonopterus (and 
of other embiotocids) undergo a notable change, which may be 
termed the natal metamorphosis. The body becomes thicker, the 
flesh firmer; the vertical fins become shorter and less flexible, 
the interradial vessels smaller, the dermal flaps obsolete, and the 
hind gut more nearly normal in structure. The scales have al- 
ready developed so far that they are widely imbricate, and the 
chromatophores have been formed in large numbers, but the body 
even in the largest embryos is very much paler in color than in 
the newly born young, particularly the males, which are even 
darker than the adults. In other species, as Embiotoca lateralis, 


and Hypsurus caryt, the latter as described by Agassiz, a sharply 
defined color pattern is developed before birth. The viviparous 


perches thus lose nearly all traces of embryonic peculiarities im- 
mediately before and after birth. 

The young of Amphigonopterus aurora at birth vary in length 
approximately from 30 to 35 mm. (the caudal fin excluded), 
being about one third or one fourth as long as their mothers, as 
in other species of the family. Among several hundred examined 
early in June, the smallest free-swimming young was 29.0 mm. 
long, the longest unborn embryo, 35.5 mm. In a given series of 
embryos from one female, the variation in length is seldom more 
than one or two millimeters ; thus the two sexes in Amphigonop- 
terus are seen to be of at least approximately the same size at the 
time of birth; the differential rate of growth is wholly, or almost 
wholly, postnatal. 

A female of Embiotoca lateralis, 257 mm. long to caudal, 
caught near Piedras Blancas, California, on June 2, contained 26 
young 46 to 49 mm. long, not quite ready for birth. A slightly 
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larger female, 265 mm. long, collected in the same pool, also con- 
tained 26 young, but these were larger, 50 to 54 mm. long, and 
similar to recently born young obtained near Piedras Blancas, Pt. 
Sal and Pt. Arguello. Another female of this species, 200 mm. 
long and 125 mm. deep (exclusive of fins) contained only ten 
young, 55 to 58 mm. long, some having apparently been already 
born. The newly born young obtained, all during June, varied 
in standard length from 43 to 58 mm. A variation in size at birth 
of at least 16 mm. is thus suggested. Possibly, however, a slight 
decrease in actual length accompanies the metamorphosis of this 
species (as in Albula vulpes and the eels). 

In the case of Micrometrus minimus, the extreme lengths of 
the embryos of a single female were found to differ normally from 
0.0 to 3.0 mm. In three cases, however, the variation was much 
greater: in one lot of six embryos, the individual lengths were 
5-5, 9-5, 10.8, 11.5, 14.3, and 14.7 mm.; in a second lot, five were 
6.6 to 7.6 mm. long, a sixth, 2.7 mm.; in the third case, all but 
one of the foetuses were 12.0 to 13.7 mm. long, the abnormal one 
being 9.0 mm. long, and provided with a strongly sigmoid verte- 
bral column and a single eye, represented only by a mass of 
black pigment. Occasionally, a male embryo was found to be 
slightly larger or smaller than any of its fellows. If the 16 em- 
bryos in one female, 7 were males 16.3 to 18.7 mm. long, while 9 
were females 17.0 to 18.0 mm. long; the average as well as the 
mean length for each sex was 17.5 mm. In another lot of 23 
foetuses from one female, 10 were males 20.0 to 22.3 mm. long 
(average length, 21.8 mm.), while 13 were females 20.4 to 23.0 
mm. long (average length, 21.7 mm.). 

Soon after birth the young of Amphigonopterus aurora leave 
the lower pools in which they were born, only a few remaining, 
probably for a very short time, in company with the breeding 
adults. They make their way thence into the pools accessible 
only at high tide, in such abundance that these pools, which are 
usually of small size and shallow, not infrequently harbor aston- 
ishingly large numbers of these young fishes. Such pools pro- 
vide a large degree of seclusion from predatory enemies, as well 
as the warmest available water, in which the rapid growth of the 
first months may take place. This concentration and segregation 
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of the young may also be correlated with selective mating, espe- 
cially in view of the natal maturity of the males. 


PERIOD OF BREEDING OF FEMALES OF DIFFERENT SIZE AND AGE. 
The following table gives the average length of the young 


found in each of fifty one- and three-year-old* females of Amphi- 


TABLE I, 


S1zE oF YOUNG OF AMPHIGONOPTERUS AURORA CARRIED BY FEMALES OF DIF- 
FERENT LENGTH AND AGE, 


Average Length of Young Lengths of Females Carry- Age of Females (End 
(in mm, to Base of ing Young of Foregoing of Given Year 
Caudal) Length. since Birth). 


I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 


III. (1) 


IIT. (1) 
IIT. (3) 
IIT. (3) 
IIT. (1) 


gonopterus, all of which were obtained near Piedras Blancas, 
California, during the first week of June, 1916. Both adults and 
embryos were measured when freshly caught, prior to their 
preservation. The smallest young are not nearly developed to the 
stage at which they are born: it is improbable that the smaller 
females give little to young notably smaller than those of the 
larger females. 


1The method of age-determinatien by scale examination will be discussed 
later. 
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The foregoing table indicates clearly—and the evidence has 
been confirmed by the writer by a study of material obtained at 
other localities—that the smaller and younger females of Amphi- 
gonopterus give birth to their young later in the season than do 
the larger and older females. This is true likewise of Micro- 
metrus minimus (Table II.), and as Eigenmann (1894) has 
demonstrated, of Cymatogaster and other genera of the family 
(but Eigenmann made no definite age-determinations). This 
delayed breeding of the smaller, younger females of Amphigonop- 
terus and other Embiotocids may be an advantageous adaptation, 
allowing the growth of the yearling females to be continued, as 
the structure of the scales indicates it does, during the breeding 
of the older females. Most of the females being one-year fishes 
in Amphigonopterus at least, this added growth would seem to 
admit of a material increase in the number of young produced. 


NUMBER OF YOUNG BorRN BY FEMALES OF DIFFERENT 
SIZE AND AGE. 


The following table III., based upon data obtained from 48 
breeding females of Amphigonopterus aurora (all obtained near 


Piedras Blancas during the first week of June, 1916), conclusively 
shows that the smaller females bear fewer young than do the older 
and larger ones,— 


the one-year-old females with 5-9 young being 76-94 mm. long 
(average length, 83 mm.) ; 

the one-year-old females with 10-15 young being 85-103 mm. 
long (average length, 96 mm.) ; 

the 3- or 4-year-old females with 16-30 young being 121-129 mm. 
long (average length, 125 mm.). 


Exceptional cases, excluded from this summary, are those of a 
three-year female with but 9 small young, and a one-year female 
with 19 young. Dr. Eigenmann (1894) has similarly found that 
the smaller females of several other species of the Embiotocide 
bear fewer young than do the larger ones, and the data presented 


in Table II. shows that this holds true in the case of Micrometrus 
minimus. 
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TABLE IT. 


NUMBER AND SIZE OF EMBRYOS OF MICROMETRUS MINIMUS CARRIED BY FEMALES 


OF GIVEN AGE AND Size (1n Mm. to Caupat Fry). 




















; s Mother. Embryos. 
Locality ( Approxi- 
mate). Date. = : : 
Age. Size.! Number Size.! 
Monterey........ Mar. 26-Apr. 2 & 59 7 3.7-4.3 
i - doceee _ I. 61 7 5.0-5.5 
cc 65 7 5.0-6.0 
i 67 10 6.0-6.6 
I. 71 9 4.6-5.4 
I. 73 10 7.0 
Re 74 10 7.6-8.3 
Il. 86 13 8.6-—10.6 
re > Il. 9g2 17 9.3-10.2 
™ Il. 92 17 11.6—13.0 
7 II. 92 19 11.6-12.7 
III.?? 106 22 16.6—17.6 
a nv 107 23 16.4-17.3 
™ ye 110 24 18.0—21.0 
113 25 18.6—21.6 
116 19 21.6—23.5 
Avila May 25 III.?? 110 21 21.7-23.6 
e 7 VI.?2 198 
Piedras Blancas June 2 Ey 58 3 5-3-5-5 
5 53 o ‘ 60 2 4.6 
# 60 4 6.7 
a 61 6 10.0-10.4 
c. 66 8 7.4-8.9 
i. 67 7 10.0-11.8 
I. 70 ¢ 5-5-14-7 
Ed 70 s 12.7-13.4 
& 71 9 12.3-13.0 
i, 73 ‘ 12.2-12.5 
: a I. 74 15.0 
, id 76 12 9.0-13.7 
os I. 79 10 16.0-18.0 
# I. 79 13 15-7-17-7 
II. 85 15 15.0-17.0 
= III. 97 16 16.3-18.7 
Peel... a June 17 ij 69 6 11.0-11.6 
Fe ee a > = 72 ¢ 2.7-7:6 
~ a I. 74 7 13.2-13.7 
es III.?2 96 17 17.0-18.3 
me V.22 114 23 20.0—23.0 
Are Pa VI.?2 129 22 
June 18 & 64 2 10.0 
x I. 67 6 8.3-0.3 
I 70 6 13.4-15.0 
1 Preserved material measured. 
2 Age uncertain, owing to the development of apparently accessory annuli. 
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Taste III. 
Size or Younc Carriep py FEMALES oF DiFFERENT SIZE AND AGE. 
Number of Lengths of Females Age of Females (End of 
Young. Carrying Young. Given Year since Birth). 

Oe ok wiaseny ok eine outs 87 I. (1) 
Gtiivdbnatacs caus ks 76, 82 I. (2) 

Pi cr cssevecedé gees 77,77, 78, 79, 81, 84, 85, 87, 88 I. (9) 
Biearanikthsweoa bs 77, 81,90 I. (3) 
ORichdsd copibesse 84, 85, 86, 88,94; 122 I. (5); IID. (1) 
isesescas oveenae 92, 96, 103 I.'¢s) 

SNS ccaideraaveewes 85, 88, 91,95, 95 I. (5) 
itcctedb caveman 92 I. (1) 

SEAS ccecstca tae 98, 98, 102 I. (3) 

(RSiad b4kcse cw 94, 95, 102 I. (3) 

Wis <dcdelanacnatewke 99, 103 I. (2) 

WOE cc ncvsanivcteues 129 IV. (1) 

ii ae Nestea ae = 

SEN 56 dake wae id ae 122 IV. (1) 

St. Ss waste cere oe 96; 123 I. (1); IID. (1) 
Mths ccshewins 122, 128 IIT. (2) 

SB id acdves shawn a —_— 

Mee, boc acco aces 121, 128 IIT. (2) 

Citi a weedecdaaen 4 123 IV. (1) 

SSRN ss cage o as a — 

PERO EE er ee 126 III. (1) 


SEASONAL MARKS (OR ANNULI) ON THE SCALES. 


During recent years there have been conducted numerous 
studies, of biological interest and economic significance, based 
upon age-determinations and the computed rate of growth of 
fishes. In these studies there has been developed and rather thor- 
oughly tested a method of age-determination involving an in- 
terpretation of the seasonal rings indicated in scales, otoliths and 
certain bones ; the scales have been most widely used. It has been 
demonstrated, most definitely in the salmonoid fishes, that the cir- 
culi covering the surface of the scales (cf. Fig. 4) become weaker 
in structure, more interrupted and more closely approximated 
during each winter, apparently as a result of the lessened physio- 
logical activity and retarded growth of the fish at that season. In 
certain fishes which have been investigated, these winter marks 
or annuli are indicated not so much by an approximation of the 
circuli as by a change in their direction and an interruption in 
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their course, along a line parallel with the scale margin (cf. par- 
ticularly Taylor, 1914). The reason for the formation of this 
type of annulus is the fact that the circuli toward the end of each 
year’s growth gradually become more strongly curved, whereas 
those marking the new growth are straighter. This is the type 
of annulus formed on the scales of the Embiotocide (see Fig. 4), 


“Prenatal growth Ci9is) 


Ay 
>») We NX / 
( A nt \ AS =. Metamorphosss (193) 
iy 1 | - bay \ 


SSS}. First summer 1913), 


Fiest winter (193-1914), 


Second summer (19/4). 


Second winter (1914-1915). 
Third summ er( 19/5). 
Third winter (15-1976). 
Fourth summer( 1916), 


;. 4. Lateral field of a scale from a three-year-old female of Amphigonop- 


terus aurora, showing the annuli. 


although an approximation of the circuli is also frequently evi- 
dent, especially on the basal and lateral fields. 

That the annuli on the scales of Amphigonopterus aurora are 
formed during the winter is evident from a consideration of the 
following facts. A series of young from New Monterey col- 
lected on October 26, and another lot from near Pillar Pt., Cali- 
fornia, obtained on November 25, show no trace of an annulus 
at the margin of their scales, and had not yet attained the com- 
puted length at which this mark had been formed in larger speci- 
mens. Excluding recently born young, the smallest examples of 
either sex among those taken near Piedras Blancas during the first 
week of June, and also the young specimens secured near Pillar 
Pt. on April 1, have a single annulus on their scales, some dis- 

1 The statement by Taylor that no approximation of the cireuli occurs in 
the annuli is partially erroneous (particularly as it applies to salmonoid fishes), 


as is also his conclusion that the annuli of the fishes which he studied were 
formed during the summer (even Taylor’s own data indicates the contrary). 
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tance within the margin. Thus it appears that considerable 
growth had taken place since the annulus was formed. The 
actual amount of this growth (determined by a method discussed 
later), in 50 of the specimens from near Piedras Blancas, was 
estimated to have varied from 10 to 28 mm.; in more than half 
(28) of these the growth had been 14 to 18 mm., while the 
average growth computed to have occurred between the forma- 
tion of the first two annuli of older fishes from the same locality, 
was about 24 mm. No annulus was found on the margin of the 
scales of gravid nor recently spent females, indicating that it is 
not a breeding mark. 

In certain other species of the family, the annuli are doubled 
in a confusing fashion, suggesting the possibility that two annual 
checks in growth are registered on the scales, one during the 
winter and the other during the breeding season. For instance, 
the scales of a 200 mm. female of Embiotoca lateralis, taken on 
June 17, when bearing young, show five typical winter annuli, and 
in addition to these, and located between them, less distinct but 
similarly formed rings, the outermost at the extreme margin of 
the scales. Similarly in Micrometrus minimus the annuli are 
often closely approximated or doubled (beyond the second winter 
annulus) ; in these cases also the outermost annulus is located at 
the margin of the scales of females carrying young. Such a 
condition is seldom apparent in Amphigonopterus, but may have 
introduced an occasional error in the interpretation of the scales 
of the fishes three or four years old. 

The annuli or seasonal rings on the scales of Micrometrus 
minimus closely resemble those of Amphigonopterus aurora (ex- 
cept in the more frequent appearance of doubled annuli, as just 
noted). The outermost annulus is located at some distance 
within the margin of the scales of yearling specimens taken in 
late spring and early summer in central California. In several 
specimens of both sexes, young of the preceding summer, taken 
at Pt. Loma on December 31, the single winter annulus is on or 
immediately within, in one male considerably within, the margin 
of the scale. These facts indicate that the annuli of Micro-netrus 
are winter marks, that the first is formed in December in southern 
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California, and that there is some variation in the time of their 
formation. 


METAMORPHIC ANNULUS. 


The scales of even the largest embryos of Amphigonopterus 
aurora and of Micrometrus minimus are marked from focus to 
border by evenly spaced, concentric strie; those of all but the 
most recently born young, on the other hand, are marked near the 
margin by a zone in which the circuli are finer and more closely 
approximated than on either side, and frequently angulated, their 
course on the scale within this zone being slightly different from 
that without. This mark, which is formed during the summer, 
resembles the winter checks or annuli formed farther out on the 
scales of older fishes, and perhaps quite as closely simulates the 
annulus on the scales of the Pacific salmon. As a distinctive 
name, the term metamorphic annulus is proposed for this mark. 
It is likewise indicated on the scales of Cymatogaster aggregatus 
and of other species of the family; the time of its formation (as 
indicated above soon after birth during the summer) has been 
confirmed in the case of Embiotoca lateralis. 

The cause leading to the formation of the natal annulus is ap- 
parently a temporary retarding of growth immediately after 
birth, just as the other annuli are supposed to be formed as a 
consequence of the decreased nutrition and growth of the fish 
during the cold season. In this connection there should be re- 
called the sudden alteration of the method of feeding and respira- 


tion forced upon the young of these fishes at birth. They are 


then cast out into a very different medium, from which oxygen 
must be absorbed mostly through the gills, rather than through 
the skin and the tips of the fins. Instead of merely passing 
through themselves the nutritive fluid with which they were sur- 
rounded, they must now feed in the normal fashion of fishes. It 


is obviously these changes in the manner of living, which stamp a 
lasting mark on the scale. The metamorphic annulus significantly 
is usually more sharply evident in the males than in the females 
of those embiotocids known to be characterized by the natal ma- 
turity of the males. 
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COMPARATIVE SIZE OF THE SEXES AT DIFFERENT AGES. 


Scales were retained from numerous specimens of Amphi- 
gonopterus aurora of measured length, all obtained near Piedras 
Blancas, California, on June 2 and 4, 1916. Excepting a few 
selected to represent extreme sizes, these were chosen at random 
from the large number collected. The annuli, discussed above, 
are well developed on these scales, their number indicating the 
approximate age of the fish (the time of intramaternal develop- 
ment, about one half year, being arbitrarily excluded). Thus the 
presence of a single annulus, in addition of course to the natal 
annulus, indicates that the fish was born in the preceding summer, 
and that it is just completing or has just completed, the first year 


TABLE IV. 


LENGTH TO CAUDAL BASE OF FEMALES OF AMPHIGONOPTERUS AURORA OF 
DIFFERENT AGES. 


Age, One Year. | Age, Three Years.| Age, Four Years | Age, Five Years. Age, Six Years. 
76 mm. (1) 116 mm. (1) 122 mm. (1) 141 mm. (1) 138 mm. (1) 
77 (3) 117 Live 123 (1) 

78 a 118 (2) 129 (2) 

79 (1) 119 (1) 136 (1) 

80 ints 120 (1) 
81 (3) 121 (1) 
82 (1) 122 (2) 
83 123 (1) 
84 (3) 124 rae 
85 (4) 125 (3) 
86 (1) 126 (1) 
87 (2) 127 kas 
88 (3) 128 (2) 
89 (1) 

90 (2) 

91 (1) 

92 (3) 

93 (1) 

04 (2) 

95 (4) 

96 (2) 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 


| 
| 
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of its free-swimming life. As these fishes were obtained in the 
summer of 1916, those with three annuli were born in the summer 
of 1913, etc. 

The collecting done near Piedras Blancas and at other locali- 
ties indicated that the males average decidedly smaller than the 
females. It is of interest to have the field observations definitely 
confirmed by age-determinations. 


TABLE V. 


LENGTH OF MALES OF DIFFERENT AGES. 


One Year. Two Years. Four Years. 

59 mm. (1) 82 mm. (1) 89 mm. (1) 
60 (1) 
61 (1) 
62 (1) 
63 (1) 
64 (3) 
6s 


4 
é 
72 
72 
/ 


3 


The wide difference in the size of the two sexes of Micrometrus 
minimus as well as of Amphigonopterus aurora (Table VI.) ap- 
pears to be of particular significance in the case of a small vivi- 
parous fish. The female of Amphigonopterus carries from 5 to 
30 young which attain before birth more than one fourth the 
length of their mother, whereas the testes of the male are rela- 
tively small for a fish,—a fact determined by the conservation of 
spermatozoa, correlated with copulation (similar size relations 
prevail in certain other and probably in all embiotocids, and in 
many of the viviparous peeciliids). The differential rate of 
growth producing the relatively smaller size of the adult males is 
entirely or almost entirely postnatal, as previously indicated; in 
this connection it should again be recalled that at birth, only the 
males are mature. 





LIFE-HISTORY OF AMPHIGONOPTERUS AURORA. 


TABLE VI. 


Tue CoMPARATIVE SIZE OF THE SEXES IN AMPHIGONOPTERUS AURORA AND 
MICROMETRUS MINIMUS. 








A i | 
: Approximate Locality | Date of | = Mm. Sex, | Number of 
Species. (California). Collection, | : . : | Specimens. 
. aurora....| Piedras Blancas 


| 116-128 | 
89 
| 122-136 


. aurora.... Pacific Grove - | 134-139 


A. aurora.... Pillar Pt. 


M. minimus . Pt. Loma 


M.minimus. Piedras Blancas 


“ 


M. minimus . 


RATE oF GROWTH. 


The rate of growth of a fish which develops seasonal marks 
on the scales can be readily computed with considerable accuracy 
from the known length of the fish at the time of capture and 
the measurements of one of its scales. The number of scales 
remaining constant throughout life, the scale increases in length 
along its horizontal axis in direct ratio to the increase in the 
length of the fish. Thus for a fish of given total length, the 
length attained at each winter, and consequently the growth incre- 
ment of each successive year, may be computed by the use of the 
following formula: 


length of fish at the time of capture 
length of fish at winter x 
length of scale to margin 
length of scale to annulus formed in winter x 
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Several possible sources of error in the use of this formula are 
apparent. Thescales donot develop until considerable growth has 
occurred. As the length of the scale is usually measured, for the 
purposes of growth computations, only from the focus cephalad 
to the basal margin, an unequal growth of the different fields of 
the scales may introduce an error. There is some variation in 
the time of formation of the annuli. The scales often overlap 
less widely in young fishes than in adults, rendering the computa- 
tion of size for the first winter too small. Again, the length of 
the fish is measured, for growth computations, from the tip of the 
snout to the base of the caudal fin. There is thus included the 
length of the head, which becomes relatively shorter with in- 
creased size in most fishes. As the formula assumes that the 
head and body increase in the same ratio, the computed length for 
the young fish at a given stage would be accurate only if the head 
were then of the same proportional length. The head being rela- 
tively longer, however, the computation is too small. It is doubt- 
less these factors (probably all of them) which have rendered the 
computed length of the young of Amphigonopterus at the time 
of the formation of the natal annulus (just after birth) to be 
less than the observed length at that stage (20 to 32 mm., instead 
of 29.0 to 35.5 mm.). 


TABLE VII. 
CoMPuTED RATE OF GROWTH OF FEMALES OF AMPHIGONOPTERUS AURORA,1 
Period of Growth. Growth. Specimens 
To formation of natal annulus ............. 20-32 mm. 70 
Thence to end of first winter ............... 29-68 mm. 69 
Between first and second winters ........... 14-35 mm. 20 
Between second and third winters ........... 12-27 mm. 20 
Between third and fourth winters ........... 13-18 mm. 5 
Between fourth and fifth winters ............ 13 mm. I 
Between fifth and sixth winters ............. 4 mm. I 


1 Based upon material collected near Piedras Blancas during the first week 
of June, 1916. 


It is evident from these figures, as well as from supplementary 
data obtained from collections made on other occasions, that the 
growth of the first half year (between birth and the first winter) 
is greater than that of any subsequent whole year. This estimate 
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appears particularly significant, in view of the fact that the 
females become pregnant at or immediately after their first winter. 
As usual in fishes, their is no evidence that the growth ever 
wholly ceases during life, although it is markedly and increasingly 
retarded with age. 

The growth of the single four-year-old male of Amphigonop- 
terus obtained near Piedras Blancas was computed from the 
direct ratio of scale length to fish length. The length of the head 
and body to the end of the formation of each annulus was thus 
estimated to have been as indicated below. 


Length at end of formation of natal annulus. ............ 26 mm, 
PS pene eee “ first winter annulus ....... 50 mm, 
aoe “4 “ second winter annulus ..... 63 mm, 
eo ae = “ third winter annulus ...... 73 mm, 
- re oo = “ fourth winter annulus ..... 84 mm, 
o 1a" © SS Geaeth your Com: Fame 4, 1086) .000cccescs 89 mm. 


The growth of this male, although slower, was quite similar 
to that of the females, being greater between birth in the summer 
and the first winter, than during any subsequent whole year ; the 
check in growth rate in this case follows the second, rather than 
as usual the first, period of breeding. 

The writer has found but one published record of a direct 
observation on the rate of growth of a viviparous perch. It was 
made on aquarium fishes by the late Charles Frederick Holder, 
and published anonymously and without identification of species.’ 
The obscure but pertinent passage is as follows. “The young, 
ten or twenty in number, born in the summer, are from an inch 
and a half long at birth, and attain half their adult size the first 
winter, and their full growth in about two and a half or three 
years.” Dr. Eigenmann (1894) has remarked on the large size 
of the smaller breeding females of Cymatogaster, which he cor- 
rectly assumed to be one year old. A similar rate of growth 
holds in the case of Micrometrus minimus. 

In the course of his extensive investigations of the life-history 
of the sockeye salmon (Oncorhynchus nerka), Dr. C. H. Gilbert 

1 Another note by the same author makes it evident that the species ob- 


served was Cymatogaster aggregatus (see Bull. U. S. Bur. Fish., Vol. 28, 1908 
(1910), p. 1139). 
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(1914, pp. 61-71) has induced an important generalization, the 
law of growth compensation. Those salmon which grow most 
in their first year (as a result of earliest hatching or of other 
causes), tend on the average to grow least in their succeeding 
years, while those which have attained a relatively small size at 
the end of the first year, grow with accelerated speed during the 
next years. The physiological mechanism of the salmon appears 
to regulate its growth in such a fashion that the length of the 
adult fishes of each race varies but little. It was hoped that it 
might be determined whether this law of growth applies to Am- 
phigonopterus, but so few fishes more than one year of age were 
examined, that the data are incomplete. The evidence being 
suggestive, however, is presented in the following table (based 
upon the material from Piedras Blancas). 


TABLE VIII. 


Computep LENGTHS OF TWENTY 3- TO 6-YEAR-OLD FEMALES OF AMPHIGONOP- 
TERUS AT THE END OF First THREE WINTERS. 


| Length at End of | Length at Endof | Length at End of 








First Winter. | Second Winter. Third Winter. 
52 76 97 
58 91 108 
61 94 109 
62 93 { 107 
62 96 121 
63 98 110 
64 80 100 
67 101 Its 
67 94 113 
68 82 109 
72 93 113 
74 101 120 
75 103 119 
77 101 120 
79 98 124 
80 108 120 
81 96 118 
83 103 120 
85 99 I1r 
93 109 124 
ML. nav cs ck peanaeel 52 to 93 76 to 109 Q7 to 124 
 siattn G dal uae ola 4! 33 27 
Range 5} 
Mean CCC 57 .40 .26 


It appears probable that the variation in size of Amphigonop- 
terus at the end of the third winter is less than at the end of the 
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first winter ; that the principle of growth compensation is appli- 
cable to this embiotocid. Similar data gathered from one-vear- 
old females strengthen this conclusion. 


TABLE IX, 


CoMPUTED SprinG GROWTH OF SPECIMENS WHICH Hap ATTAINED EITHER A 


SMALL OR A LARGE SIZE AT THEIR First WINTER. 


Length at End of Formation of | Sodag Grom (in Enews) 
First Annulus. | 


|xo|41/\ x2 13/14 15| 16/17/18 19 | 20| at 22/23 24/25 26 27 |28 


Less than 75 mm 
More than 75 mm 
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1. INTRODUCTION. 


The writer, while a member of the Indiana University Biolog- 
ical Station at Winona Lake, Indiana, devoted several summers 
to ecological studies of the freshwater mussels. The work was 
done under the direction of Dr. Will Scott, and formed a part 
of his general limnological program. A first paper on the feed- 
ing habits of the Unionide appeared in 1914. The present paper 
has expanded the former through the use of experimental 
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methods, and approaches the study of the crystalline style from 
the physiological standpoint. In subsequent papers I hope to 
present further studies along the lines of reactions to stimuli and 
distribution. 

For the study of the smaller glacial lakes and their inhabitants 
the region is especially favorable. Winona Lake has a maximum 
length of two miles, and being of the kettle-hole type, is deep. 
Its greatest depth is eighty feet. The bivalve population is 
limited to a shelf about its margin. Three small creeks drain into 
the lake. Their course follows the flat, marshy land between 
moraines, and their volume is small and comparatively constant. 
The Unionids have not extended up into the creeks. The lake 


forms the upper limit of their distribution in the Winona drain- 
age system. 


Eight species of mussels have been recorded from this lake: 
Lampsilis luteolus, Anodonta grandis, A. edentula, Quadrula 
rubiginosa, and Lampsilis subrostratus are common, the first two 
being very abundant. Lampsilis glans, Micromya fabalis, and 
Margaritana marginata are rare. I have found a single specimen 


of a ninth species, Quadrula undulata. All these mussels are of 
the “lake” type, as contrasted with “river” mussels. 

For most of the following experimental studies Lampsilis luteo- 
lus and Anodonta grandis have been employed. For work during 
the winter, and for comparison with the above mentioned lacus- 
trine forms, mussels from White River were used. These in- 
clude Quadrula heros, Q. pustulosa, Lampsilis anodontoides, L. 
ligamentinus, etc. They were collected from the east fork of 
White River, near Shoals, Indiana, and from the west fork of 
the same river near, Gosport, Indiana. 


2. CONSTANCY OF THE FEEDING ACTIVITY. 


In a previous paper I stated that the lake mussel continues 
feeding at nearly all times, when under normal conditions (Allen, 
14). Virtually all the observations made since the publication 
of that paper have been of a confirmatory nature. Rarely is a 
freshly collected mussel found to be without food material in its 
alimentary tract, often much of it wholly undigested. When 
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brought into captivity defecation usually continues to occur even 
after several hours, and indicates that feeding has at no time been 
long suspended. The normal position of the palps, gills, and 
mantle with respect to each other is favorable to ingestion. The 
structure of the mussel is such that it requires a greater effort 
to refrain from feeding than to continue feeding. The ciliary 
apparatus is in constant activity, regardless of the presence or 
absence of food. The gills are at all times siphoning water. 
Particles suspended in the water are at all times being sifted out 
and caught upon the mucous secretions of the gills. The gills 
have no way of rejecting such collections. They are always 
passed on by the fixed ciliary tracts of the gills to a given point 
on the lower margin of the inner gill which hangs between the 
labial palps. Without an adverse stimulus and an avoiding move- 
ment of the palps the collections pass on to their apposed surfaces. 
Thence it is but a short distance to the mouth. 

If, despite the structure of the mechanism of ingestion, one 
might still doubt that feeding is a constant process, he is forced to 
grant that feeding is speedily resumed by mussels artificially 
starved. Those starved a sufficient length of time to get rid of 
the crystalline style, when placed again in lake or stream, begin 
the renewal of the style within fifteen to thirty minutes. 


(a) The Feeding Posture. 


To what extent feeding is conditioned by the position of the 
mantle, palps, and gills the following experiment will show: 

Some Lampsilis and Anodonta were starved several days to 
insure the disappearance of the crystalline styles. The renewal 
of these organs was then taken as an index of the feeding activi- 
ties. Various individuals were placed in the lake, in lake water, 
and in Pocahontas creek. Some were partially inserted in sand 
in the normal posture, others with the siphons turned upward, 
others laid upon the right or left side, and still others upon the 
hinge and having the gape of the shell uppermost. 

At intervals some from each situation were examined. The 
styles were found to be reformed in all of them at about the same 
rate. The position of the ciliated parts, with relation to one 
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another and to gravity, was obviously of no consequence. Food 
could be passed from the gills to the palps as readily upward as 
downward or horizontally. Due to the buoyancy of the mucus in 
which food material is gathered and passed to the stomach, so 
near the specific gravity of the surrounding water, cilia need 
exert only a very slight traction upon the food masses to move 
them in any direction. 

No Unionids have acquired an asymmetry like that of the 
oyster, but some species, particularly Quadrulz, are always found 
lying upon one side or the other. ‘They feed as readily upon 
one side as upon the other. Neither the right side nor the left is 
favored. There is no exceptional arrangement of ciliated parts 
within the mantle chamber for countering the unsymmetrical pull 
of gravity, unless the unusual size of the labial palps of some 
species may be interpreted as a means of preventing the loss of 
food between gills and palps. 

No matter, then, in what position the gills and palps may be, 
food is readily passed mouthward, and the process of food collect- 
ing goes on constantly in the absence of adverse stimuli. Only 
with the closure of the siphons is the streaming of fresh material 
interrupted. Only in case of powerful stimulus are the palps 
caused to move out of line, away from the inner gill, thus refus- 
ing food masses entirely. It has been difficult to demonstrate 
the constancy of the food stream upon the contiguous faces of 
the labial palps. The ciliated furrows (p. 234) have the func- 
tions of accepting or rejecting material, but to what extent the 
latter function is exercised under normal circumstances it is 
difficult to determine directly. When fed in high concentrations 
certain specific substances were rejected entirely, others taken 
readily, e.g., starch grains were never recovered in the alimentary 
tract, while Glaocapsa passed through in great numbers (p. 227). 
It is permissible, therefore, to postulate that the labial palps 
behave in harmony with the rest of the food-gathering apparatus. 


(b) The Degree of Digestion a Response to Tisswe Demands. 


The cilia of the alimentary tract are virtually in constant move- 
ment. (Nelson, ’18, has reported the partial suspension of the 
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cilia of the style sac.) It involves little, if any, additional energy 


to keep a stream of water coursing through it. That much food 
material passes through without being digested is shown both by 
the mass color of the feces and by the appearance of diatom and 
other algal cells from the feces, when examined microscopically. 
It has been argued that diatoms are accidental and not the real 
food. Empty diatom tests are found in considerable quantity in 
fecal matter, and there is no doubt that the contents have been 
digested out of, at least, some of them. Furthermore, the freshly 
formed style, in a mussel which has been starved and then fed 
with diatomaceous matter, has the amber color of diatomin, In 
this case digestion is prompt and rapid. The style tends to be- 
come colorless as soon as the streaming of food through the style 
sac is checked by the growing style. 

Since the ciliary mechanism is functioning constantly, and 
since some material is digested and some is not, it may be con- 
cluded that the demand for food on the part of the tissues affects 
rather the secretion of digestive fluids and ferments than the con- 
trol of ingestion. 

On several grounds it is seen, then, that a given particle may or 
may not be digested on its passage through the alimentary tract. 
Nelson’s suggestion (°18), that the style sac serves as a means of 
returning undigested particles to the stomach where they may be 
exposed again to the digestive secretions, is very plausible. The 
morphology of the structure fits such a function to a nicety. 
Moreover, while a starved mussel is renewing its style much green 
material is being threaded into its core. The fact that some 
diatoms are digested while others are not might at first thought 
find a sufficient explanation in Nelson’s view. For some particles 
would be diverted into the style sac and others continue on un- 
digested. This would perhaps as readily explain the presence of 
both normal diatoms and empty tests in the rectum as my sug- 
gestion of uninterrupted feeding. There is no doubt that 
Nelson’s explanation is entirely adequate for Ostr@a and 
Modiolus, for these forms interrupt siphoning and feeding with 
every tide. Their styles are absorbed and renewed regularly 


with the ebb and flood. Hence twice each day the style sac is 











mee rem Ms Rm de £m. 


a: ean an ae 








STUDIES ON BIOLOGY OF FRESHWATER MUSSELS. 215 


thrown open to the passage of food; and for this reason, if for 
no other, one should find a mingling of digested with undigested 
food in the rectum. In the Unionide this mingling does not have 
an adequate explanation in the style sac. For there is no loss of 
crystalline style except with starvation. No normal mussel is 
found without it. Under normal conditions the style has no 
color, with a very slight core of green. The amount of food 
which passes through the style or style sac under ordinary condi- 
tions is very slight. Hence most of the digested diatoms whose 
tests are found in the rectum have been through the stomach 
but once. 

Résumé.—In the rectum and feces the simultaneous occur- 
rence of green diatoms and empty tests shows that part, but not 
all, of such material is digested. At any rate it is usable as food. 
Ingestion is continuous, but digestion is discontinuous, and de- 
pendent upon demand for nutrition on the part of the tissues. In 
the Unionide the return of material from the intestine to the 
stomach through the style sac does not account for much of the 
food actually digested, for such a transference of food is pos- 
sible only when the style sac is empty. Since digestion is a chem- 
ical reaction the contents of the stomach should be affected alike, 
and not some wholly digested and some not at all, when equally 
digestible. 


3. THE UTILIZATION OF NANNOPLANKTON AND 
MEGALOPLANKTON. 


The materials recovered from the rectum grade down from 
the largest phytoplankton to very small species. While stomach 
and rectal contents vary, the larger particles are obviously oftener 
found undigested than the smaller. This suggests that the 
smaller are more easily digested ; that everything else being equal, 
digestibility is inversely proportional to size. The question 
arises: does the nannoplankton constitute an important, though 
less conspicuous element of the food of a mussel? 

Juday (see Ward and Whipple, ’18) has shown that the nanno- 
plankton content of a lake may exist in vastly greater number 
and in a much greater volume than does the net plankton. Even 
though most of such organisms should escape through the gills 
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of the mussel, the recovery of only a fraction of them is sufficient 
in some lakes to equal or surpass the total volume of larger or- 
ganisms utilized. 


(a) Experiments in Selective Feeding. 


A few experiments were made to separate the nannoplankton 
from the grosser, in order to feed them separately. 

There is no hard and fast line by which the nannoplankton may 
be distinguished, except Lohmann’s (’11) arbitrary size limit of 
25 microns. Stomach and intestinal contents were examined for 
evidence of a predominance of either larger or smaller forms. 
So far as the diatoms are concerned such evidence is not very 
conclusive, though on the whole the smaller organisms appar- 
ently have the better of the argument. As for Flagellata, they 
were commonly seen in the rectal contents, but more often in the 
stomach. This is as we should expect, for some of them do not 
possess so resistant a test as the diatoms. 

The fact that even a few of the smaller flagellates and dia- 
toms are found demonstrates that the gill-meshes are fine enough 
to accomplish something with the nannoplankton, while the di- 
minished number of flagellates in the rectum implies the more 
complete digestion of that group. Certain flagellates are more 
resistant to digestion than others, e.g., Peridinium; some are 
doubtless of more frequent occurrence in the alimentary tract on 
account of their colonial form and greater bulk, e.g., Pandorina. 

We have no very efficient mechanical means for separating 
plankton according to size. The nets of finest bolting silk allow 
nearly all flagellates and all but the large or colonial diatoms to 
pass through. It was found that water, poured through a net 
suspended in the air, forces more large organisms through the 
meshes than in the case when the net is suspended in water, and 
the water containing plankton poured through slowly. 

A concentration of net plankton actually took place in the 
plankton bucket. A complete separation of coarse from fine 
plankton is not claimed, nor was it necessary to the experiment. 
Undoubtedly some of the grosser forms passed through the silk. 
But these were never in sufficient quantity to be detected in the 





a 


~ ones 





cael i ht ai" 











STUDIES ON 





BIOLOGY OF FRESHWATER MUSSELS. 217 


intestines of mussels feeding in the escaping water. One com- 
plete experiment follows: 

Water from the creek or lake was first poured through a cop- 
per gauze in order to remove such debris as plant fragments and 
flakes of limy incrustation. From these it passed into a conical 
plankton-net of No. 20 bolting-silk, terminating in a detachable 
Birge bucket. The lower portion of the cone and the bucket 
were suspended in a jar of water. Measured quantities of the 
natural water, varying from 50 to 250 liters in the several ex- 
periments, were passed through. From time to time the meshes 
of the bucket became choked and the process was slowed down. 
This was especially true in the lake following high winds, when 
there was considerable turbidity. At intervals, therefore, the 
bucket was removed, rinsed out into a container, and the gross 
filtrate brought into contact with a group of mussels which had 
been starved for a few days in order to cause the disappearance 
of the crystalline style. The overflow water which had passed 
through the silk was allowed to siphon over into another jar in 
which were kept another group of starved mussels. They were 
thus given opportunity to feed upon nannoplankton almost solely. 

In order to demonstrate that any regeneration of the crystal- 
line style that might occur could not be ascribed to the chemical 
or physical character of the water itself, a quantity of the strained 
water was also siphoned over into a sheet of filter paper and mus- 
sels placed in the jar beneath. The mussels fed upon filtered 
water in no instance showed the least evidence of re-forming the 
style. That many organisms passed through the plankton net is 
well shown by the amber-green coating which soon formed on 
the filter paper. Upon these organisms the second group of mus- 
sels had opportunity to feed, provided the gills might be a suffi- 
ciently effective mechanism to entrap particles which had passed 
through the silk. 

During the progress of the experiment, usually about four 
hours, checks were kept in the lake or creek, near the experi- 
ment. They also had been starved for the same length of time, in 
tap water. 

The water was taken from a depth of two to three feet in the 
lake, along the east shore, where it is open to wind and wave 
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action, but has the shelter of a broad zone of Potamogeton. The 
creek water was from the mouth of Pocahontas creek, having a 
depth from a few inches up to more than a foot, and a bottom of 
gravel and rubble. A drain from a large septic tank enters 500 
feet upstream. In its upper course it receives the water of 
drainage ditches in swamp land, and has a small, though constant, 
volume throughout summer. Its flow is rapid, and the character 
of the bottom such that mussels have not ascended it. The water 
has a slightly brown color due to its swampy course (Rice, ’16). 

In this experiment two mussels were used as checks, three 
kept in filtered water, ten placed in the overflow from the plank- 
ton net, and ten were fed upon the gross concentrate given them 
in tap water. 

Of the two checks, one developed a well formed crystalline 
style, the other none, but it had a large amount of green ma- 
terial in the intestine, showing that it also had resumed feeding. 

Of the ten fed upon net plankton, seven renewed the style 
more or less completely, three not at all; of the nannoplankton- 
fed eight had formed a style and two had not. These data are 
not full, yet they demonstrate the ability of the respective food 
materials to renew the style. 

It will be seen that there is little difference in the power to 
renew the style between the larger plankton which remained, and 
the smaller which went through the silk. It is certain that the 
larger forms do have a food value, for there were few of the 
smaller which remained in the plankton bucket, and the residue 
of grosser material alone was put into the aquarium with the 
first group of mussels. It is possibly not quite so well demon- 
strated that the other eight renewed the styles in response to 
the ingestion of nannoplankton solely, but such is a reasonable 
supposition. Two things at least cannot be gainsaid: (1) there 
was a significant increase in the ratio of megaloplankton to nan- 
noplankton within the bucket, and of course a reversal of this 
ratio outside, without greatly affecting the crystalline style re- 
newal in either case; (2) no net plankton was recognized in the 
intestines of the second group of experimental animals, although 
conspicuous in those used as a check. 


The above facts do not argue a greater digestibility of the 
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smaller organisms. But when the matter of dilution or concen- 
tration is taken into account, we have such an argument. The 
greatly concentrated net-plankton was fed in a container of water 
which was changed but slightly throughout the experiment. The 
nannoplankiun, on the other hand, was caused to stream over the 
second group of mussels in the original water, and with the orig- 
inal concentration. If it had been concentrated as much as the 
net plankton a much more marked ingestion would probably have 
been obtained. It is hoped that in the future a method for con- 
centrating nannoplankton in quantity may be applied to the solu- 
tion of this question. 

An experiment similar to the foregoing consisted in placing 
starved mussels in the creek, enclosed in a tight metal container, 
whose two ends were then closed with bolting-silk. The creek 
was dammed on either side of the container, so as to raise the 
level slightly and maintain a flow of water through it upon the 
mussels. The stopping of the meshes of the silk was expected to 
interfere with the flow after a few hours. But, as a matter of 
fact, there was sufficient eddy and overflow to keep the silk fairly 
well washed, so that at the end of the experiment a slight current 
might still be detected. 

Experimental mussels and checks were placed both above and 
below the sewer outlet, where they were allowed to feed for 
twenty-four hours. Small numbers were used here—four mus- 
sels in each situation. So far as the results derived are trust- 
worthy, they show a utilization of nannoplankton as food, and 
corroborate those of the previous experiment. 

The mussels from the three situations showed a well-defined 
gradation in the reconstruction of the crystalline style: (1) those 
from experimental conditions showed only a partial renewal; (2) 
the checks nearby had virtually completed the renewal; (3) 
below the sewer outlet the checks had well formed and entirely 
hyaline crystalline styles. Presumably they had an additional 
source of food—the sewer. 

The mussels used as a check, and whose styles had grown 
large and hyaline, accumulated considerable masses of green in 
the intestine during the twenty-four hours. Examination showed 
this material to comprise, among other forms, Navicula, Oscil- 
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latoria (small amount), Scenedesmus, Synedra, and Tabellaria. 
Considerable debris, both organic and inorganic, was found, and 
some fragments of considerable length. 

In the case of those fed upon “bolted” water considerable 
amounts of green were found in the intestine, and the styles were 
flaccid and green. No large particles were obtained. Tabellaria, 
Diatoma, and Navicula occurred, but it was only very small spe- 
cies in each case, and no coherent members of colonies. Very 
little inorganic stuff was found, but many organic fragments, 
some of them partially digested. The smaller flagellates were 
proportionately more numerous than in the checks. Naturally 
the diatoms were of the solider, creek type, and none of the grace- 
ful lake forms adapted for flotation. 


(b) The Feeding of Sewage. 


The presence of Oscillatoria may be taken as an index of the 
amount of sewage in the food. It also shows a well-defined 
gradation in the several feeding stations: (1) no Oscillatoria 
was recorded from the experimental animals above the sewer 
outlet; (2) very little appeared in the checks kept in the un- 
screened stream at this point; (3) somewhat more Oscillatoria, 
consisting of very incomplete filaments, was seen in the experi- 
mental animals below the sewer; and (4) the checks below the 
sewer contained numerous large fragments of Oscillatoria, and 
many relatively large bits of debris never met with elsewhere. 

Mussels which had been kept in the mouth of the creek for 
several weeeks prior to these experiments were opened at the 
same time. The styles were well formed and without color. On 
various occasions the styles of the experimental animals reacted 
differently. At one time all of the styles were whitish when par- 
tially renewed, having a distinct white, spiral core. In those most 
perfectly formed the white color was disappearing, and the entire 
mass was becoming more solid and more hyaline. On other occa- 
sions the newly formed styles were of the typical amber hue 
which suggested diatomin. Subsequently mussels opened here 
contained sometimes whitish, sometimes colorless styles. At 
times freshly formed styles were found which were green in the 
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stomach and becoming white in the style sac, indicating a change 
from one color to the other. 

Only one explanation of the above differences offers itself— 
namely the effect of bacteria. These, through a mass effect or 
through the breaking down of the style substance itself, are prob- 
ably responsible for the white color. Rice (/.c.) has shown that 
the abundance of bacteria and of nitrates is here subject to pro- 
found variation, on account of the periodic discharge from the 
septic tank mentioned above. Whatever the cause of the white 
color it might have been expected to be mingled with green from 
the normal food brought down from above. That green is actu- 
ally present in concealment is shown by the boiling of such styles 
(p. 226). The white style pertains mostly to the creek. In the 
lake a white style is observed only during low water in mussels 
which have been feeding near the creek outlet. During freshets 
and great dilution of the bacteria it does not occur even in the 
creek. These observations may be taken as a further indication 
of the direct dependence of the crystalline style upon the char- 
acter of the food. 


(c) The Feeding of Infusions. 

Previously I had observed the renewal of the style and the 
accumulation of material in the alimentary tract of animals fed 
with hay infusions rich in ciliates (Allen, /.c.). The unmistak- 
able finding of protozoan fragments in the stomach showed that 
some such material is ingested, and I was satisfied that the style 
renewal was due to their presence. The above nannoplankton 
studies suggested that there might also be food value in the bac- 
teria and flagellates which are present in such concentration in 
infusions. The former experiments upon the feeding of infu- 
sions were repeated with the same results. Again, white crystal- 
line styles appeared (p. 220). However, in order to determine if 
the bacteria and flagellates present may be responsible for the 
style renewal an attempt was made to separate them from the 
large ciliates. The above method for the separation of plankton 
was applied here. It was possible, at any rate, to dispose of most 
of the bacteria by washing. The process resulted in the death 
of many ciliates due to crushing and to the change into fresher 
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water. However, it was possible to accumulate a considerable 
mass of living and fragmented infusoria. Starved mussels fed 
upon this concentrate did not renew the style. This negative 
result must not be trusted too implicitly, considering that, as re- 
ported above, ciliate material is sometimes found in the stomach. 
Yet the present experiment points toward a greater utilization of 
the smaller organisms of infusions than of relatively large ciliates. 
Aside from the ciliated protozoa the infusorian population con- 
sisted mostly of extremely minute forms. The maceration ex- 
periments described elsewhere (p. 228) show conclusively that the 
Unionid gill is capable of intercepting very small material in- 
deed—even the pyrenoids of alge. 

It may be questioned whether the formation of a crystalline 
style is a reliable index of the feeding activity. In my opinion it 
is as reliable as a direct examination of the alimentary tract. On 
some occasions food may be found in the intestine before regen- 
eration of the style is perceptible. But, on the contrary, there 
are as many occasions when a starved mussel recently fed is seen 
to have the beginnings of a style before anything is readily recov- 
erable from the intestine. In far the greater number of cases 
examined the synchronism between style renewal and the pres- 
ence of food is exact. The bearings of this upon the significance 
of the style are discussed below (p. 229). 

Résumé.—The more minute plankton organisms are of as great 
nutrient value as the more conspicuous, often undigested matter 
commonly listed from rectal or fecal examinations. However 
the net plankton is shown to have a food value as well. Experi- 
ments which more or less perfectly separated the net- from nan- 
noplankton show that both are capable of re-forming the crystal- 
line styles of starved mussels. The minute flagellates sometimes 
exceed the volume of net plankton in lakes many fold. Since it 
is certain that they can be entrapped by the gills of the mussel 
and can be ingested, it is likely that their rarity in the rectum is 
due to the fact that most of them have been digested. Infusions 
which have nothing of food value except ciliates and minute or- 
ganisms renew the style. 
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4. THE PHYSIOLOGY OF THE CRYSTALLINE STYLE. 
Everyone, myself included, who has dealt with the crystalline 
style during the past decade, has made apology for adding to the 
bulky list of the things not certainly known concerning that 


organ. 
(a) Recent Studies. 


The most thoroughgoing and satisfactory account of the crys- 
talline style is that of Nelson (’18). He has assembled and or- 
ganized the literature on the subject to the minutest detail, has 
very effectualy eliminated most of the groundless speculations, 
and has sifted out the truth contained in the rest. Nelson’s work 
on the morphology is of a sort which virtually closes that sub- 
ject. All future studies of the crystalline style may well make 
Nelson’s work the point of departure.* There is no occasion to 
review the literature here or to describe either the style itself or 
the associated portions of the alimentary tract. I shall be content 
to record the physiological data which have accumulated during 
the intermittent observations made over a period of some six 
years. 

Most of the writers, with the exception of Mitra (’o1), and 
Nelson (J.c.), have taken a viewpoint which has been fatally 
erroneous, it seems to me. Despite all the divergent speculations 
which observers have permitted themselves to make (a point well 
reviewed by Nelson), they have really been looking for one 
explanation—the most plausible function that this organ might 
be supposed to perform. Few have granted the probability that 
two or more uses of the style might exist concurrently. 

2 The preceding sentence, when written, was prophetic. For just as this 
paper is about ready for the press, Edmondson’s timely account of the crystal- 
line style in Mya arenaria has appeared ('20). Like Nelson, he has devoted 
considerable study to the morphology, but has centered his attention upon the 
renewal of the style. It is gratifying to find others interested in the physio- 
logical study of the style, for, aside from its chemistry, most work has been 
done from the viewpoint of structure. 

This author’s account of Mya arenaria shows the style to have diverged 
very far, indeed, from its homologue in the Unionidae. It lies in a distinct 
cecum. Operative methods instead of starvation were necessary to remove 
it. It is a very solid structure, nearly insoluble, and nearly devoid of albu- 
minoids. Its regeneration in Mya precedes rather than follows resumption of 


feeding. Seventy-four days were required for its reformation in Mya, while 
one day more or less suffices in the Unionide. 
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Mitra (l.c.) was the first to recognize clearly that the crystal- 
line style may meet several needs. The fact that it is dissolved 
when food is wanting, and that in solution it may be taken up by 
the blood, leads to the conclusion that it is (so far as it goes) a 
reserve of nutriment. Furthermore, the work of Mitra and 
others has shown that it bears enzymes capable of furthering 
starch digestion. Dr. Scott Edwards has kindly checked over 
this matter for me, with confirmatory results: Insofar as suitable 
food is brought into contact with it, it is a means of supplying 
digestive ferments. 

Nelson (/.c.) has shown very well that the rotation of the 
crystalline style against the “ gastric shield ”in the stomach shreds 
the dissolving end so as to form a brush. The rotation of this 
brush sweeps the food into the proper ciliated channels, aids in 
dissolving the food out of the mucous masses in which it reaches 
the stomach, and acts as a substitute for peristalsis in mingling 
food with the digestive fluids from the liver, etc. It might have 
been pointed out that these movements afford a ready means of 
bringing the contained enzymes of the style into thorough contact 
with the food. 

Since the style actually accomplishes all these things, we can 
not choose any one of them as the function for which it was 
designed. We cannot assert that the style is exactly adapted to 
perform any one of them, or that it is the function which it has 
always performed in ancestral forms. If such were the case one 
might expect to find somewhere in the more primitive existing 
species a style little changed from the ancestral condition. But 
the Najades have taken to fresh water, and as a result have be- 
come profoundly modified in life history, ontogeny, and structure. 
While the crystalline style has shown as little structural change as 
any organ, it is not improbable that its relation to the organism 
as a whole, to metabolism, has suffered changes of which we know 
nothing. 

Nelson suggests a further function of the style sac, that of 
returning undigested material from the intestine to the stomach, 
to prevent the loss of food. In Modiolus, which undergoes a 
periodic cessation of feeding and dissolution of the style, the 
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cilia of the sac periodically carry a stream of food from the 
intestine through it into the stomach. In common with all 
ciliated epithelia this organ raises the very interesting and equally 
difficult problem of accounting for the present direction of the 
beat of the cilia. In the simpler ancestral forms the beat most 
probably was in the opposite direction. 

The style sac of Modiolus contains more food in winter than in 
summer. It is difficult to see why the structure in Modiolus 
should be (as Nelson reports) more effective in winter, when the 
metabolism is low and the food requirement slight, than in 
summer, when the demand for food is greater. In winter the 
secretion of the style substance is slowed down by the tempera- 
ture to such an extent that the organ is not promptly re-formed 
with each feeding period (p. 229). The style sac therefore con- 
tains no style and may be utilized to reconvey food from the 
intestine to the stomach. In the Unionidz it is certain that the 
return of particles through the style sac is a phenomenon which 
takes place normally only after starvation. Of the many hun- 
dreds of specimens examined when taken from the water, not half 
a dozen were ever found in which the style was lacking. 

Usually the newly formed style has an abnormally large core 
of plankton. This indicates that the first undigested or partially 
digested material which streams into the intestine is diverted at 
the posterior end of the style sac and carried forward again into 
the stomach. In the meantime the glands of the typhlosole 
(Nelson, I.c.) begin secreting and wrapping the spiral of the 
style substance about this core. The streaming in of materials 
from the intestine is limited more and more as the style more and 
more completely fills the lumen of the sac. After the style moves 
forward and has been dissolved its entire length, the newer por- 
tion, with a diminished core, has entirely replaced the original 
portion with its loose structure and large core of food. This 
takes place twice daily in Modiolus or Ostrea, and the newly re- 
generated style is thus oftener encountered. In Lampsilis or 
Anodonta under normal circumstances, it is a very infrequent 
occurrence. My observation has been to a very great extent upon 
lake forms, which are not subject to many vicissitudes. It is 
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presumable that river forms, if taken at the right times, demon- 
strate a more periodic activity in response to the rise and fall of 
the current, the degree of turbidity, etc. 

Nelson is probably in accord with these reservations concerning 
the Unionide, for he agrees (/.c., p. 100) that the formation of 
the style is directly dependent upon the food supply. In the 
marine forms the return of food through the style sac to the 
stomach is considerable. In the Unionids the return of food 
through the style sac has become reduced because the sac is 
usually occupied by the style. 

The spiral character of the style, caused, as demonstrated by 
Nelson, by its axial rotation, has been brought out nicely in three 
ways in my observation : 

(a) A regenerated style in one starved Anodonta was found 
to have a great deal of green matter throughout, and but a very 
slight amount of style substance. It had grown to at least normal 
diameter. When kept for a time the secreted portion dissolved 
out, leaving the green cohering portion wrapped about the core 
like the threads of a screw, or a lathe shaving. 

(b) A few whitish styles were boiled for a short time in strong 
sodium hydroxide. They were much reduced, and the residue 
was in the form of a close rope-like spiral.* The white appear- 
ance had given place to the amber-green color characteristic of 
most newly regenerated styles. 

(c) The actual rotation of the style has often been observed. 

Examinations were frequently made of the food substances 
which could be recovered from the core of more or less com- 


pletely regenerated styles. The food never showed a perceptibly 


greater degree of digestion at the stomach end than posteriorly. 


[t is not likely, therefore, that the digestive processes are much 
furthered during progress through the style or style sac toward 
the stomach. 


(b) The Feeding of Specific Substances. 
A series of experiments in feeding certain substances, and in 
forced feeding by injection into the stomach, were undertaken 


3 Edmondson’s ('20) figures of partially formed styles very well represent 


these. 
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to throw light upon the actual stimulus which initiates the renewa! 
of the style. The stimuli may be either mechanical or chemical. 

Carborundum, carmine, starch, etc., of varying fineness, were 
introduced into the incurrent siphon with the streaming water. 
Such organic or inorganic material, however neutral, of whatso- 
ever dilution, or however administered through the respiratory 
water, were never found subsequently in the alimentary canal. 
Nor did the molluscs ever display any indication of style renewal 
in response to these things. The experiment has a further 
significance to be discussed on page 229. 

A culture of Glaocapsa was looked over carefully and found 
to have very few organisms of the size of Glaocapsa, but much 
coarse debris. This material was washed into a jar with active, 
starved mussels, and agitated from time to time to prevent its 
settling. After eighteen hours the mussels were examined. The 
crystalline styles were partially renewed in all cases. In others 
kept in jars of Glaocapsa not stirred frequently the styles failed 
to show any indications of re-forming, even after three or four 
days. Evidently not enough food to stimulate style formation 
had been taken into the siphons. In all, small masses of Gleocapsa 
were encountered in the rectum, in the stomach, and in clots of 
mucus upon the gills and palps. The clots were almost pure 
Gleocapsa. The stomach and intestine contained minute frag- 
ments of green, partially digested individuals, and sometimes 
Gleocapsa cells without the capsule. There is thus no doubt but 
that a pretty rigid selection of the alga from the coarser matter 
with it was taking place, and that the alga was being digested. 

The frequent occurrence of the Glaocapsa in the rectal con- 
tents, still wrapped in mucus, shows the effect of the want of 
the style. Had that organ been present the mucus masses would 
probably have been torn up, the alga freed in the stomach and 
exposed to digestive action. It appears that the process of di- 
gestion does not function perfectly, even prior to the formation 


of a style, and not even a hungry mussel exposes all particles 
equally well to the digestive fluids.* 


*Edmondson finds the alimentary tract of Mya arenaria empty of food 
until the style is partially replaced. 
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A quantity of Spirogyra and other filamentous alge was cut 
as finely as possible with scissors, then macerated with a pestle. 
Examined microscopically there were found fragments of cell- 
wall varying in size, fragmented chloroplasts, and pyrenoids. 
Without screening, this material was fed, in considerable quantity 
to starved mussels. The water was agitated occasionally so as 
to keep some of the macerated material in suspension. One mass 
of alga had been taken from a dish in which decomposition had 
gone far. Although the mussels held the siphons nearly closed 
in the decomposing culture, they nevertheless ingested sufficient 
alga to answer the purpose of the experiment. Feeding the de- 
composed alga is comparable to the feeding of infusions, and the 
animals reacted similarly. In all cases of feeding infusion, de- 
caying alga, and the feeding of mussels below the sewer outlet in 
Pocahontas creek, the regenerated crystalline styles had the same 
milk-white appearance. Thus there is no doubt that in all cases 
the color was due to bacteria. Mussels fed upon macerated 
fresh Zygnema had clear, and colorless or green, styles. 

In one mussel fed upon a maceration of Spirogyra the partially 
regenerated style had a large core, and only two or three thin 
layers of style substance. This gave it the proportions and ap- 
pearance of arubber tube. When stretched out in a watch crystal 
and placed under the weight of a cover glass, the contents slowly 
oozed out at a broken point. The core was then seen to consist 
almost entirely of pyrenoids (or like bodies) closely packed, and 
in very great quantity. Their mass had a gray-yellow color. 
Only here and there was there a minute spot of green. Not a 
trace of cell walls or of a spiral fragment of chloroplast was 
found here or in the stomach. We have then another case of the 
rigid selection of food particles, and a little suggestion of the 
character of the materials which are capable of inciting the secre- 
tion of a new style. Again we have evidence that the gill is 
capable of taking very small particles from the water. 

In a decaying macerated Spirogyra culture several starved 
mussels kept the siphons almost entirely closed. When a few c.c. 
of alcohol were added they shortly began and continued siphoning 


vigorously. Yet the food sorting mechanism functioned normal- 
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ly, for no stomachs nor intestines were found to contain larger 
fragments than usually occur there. 


(c) Forced Feeding. 


From the above experiments, and on grounds discussed else- 
where (p. 227), it is seen that the ingesting apparatus exercises 
considerable choice, and that (at least under experimental condi- 
tions) only certain sorts of material are admitted to the stomach. 

An attempt was made to introduce distasteful matter into a 
starved mussel with the food. When fed alone, carmine had 
never been ingested. It was therefore administered with Glwo- 
capsa and macerated Spirogyra. In no case was it found in the 
alimentary canal. Very little of the food entered, for that matter. 
The presence of the carmine caused a rejection of most of the 
food as well. 

In order to ascertain if substances rejected by the mouth might 
yet have the power to stimulate the secretion of the crystalline 
style, these were introduced little by little through a fine pipette 
directly into the stomach. Fine carborundum (120-180 gauge) 
carmine, and starch were tried. In none of these cases was any 
trace of a style to be found later. It should be explained that the 
shock of operation was not alone responsible for this failure, for 
when Gleocapsa was fed to the animals in the same way, it was 
capable of renewing the style to a slight degree. There is suffi- 
cient ground for the conclusion that mere mechanical stimulation 
of the intestine or style sac on the part of fine particles is not 
sufficient to initiate the formation of the style. There must be a 
stimulus of a chemical nature as well. A reaction to the feeding 
activity might have incited secretion through reflexes from the 
palps. Yet this is inadequate to account for the renewal of the 
style when Gleocapsa was administered through the stomach wall. 


(d) The Effect of Temperature on Style Renewal. 


With the approach of winter it becomes more and more diffi- 
cult to secure a prompt renewal of the crystalline style on the 
resumption of feeding. Where experiments are made in water 
of quite low temperature the same behavior is observed. Riddle, 
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(‘o9), Krogh (’14) and others have shown that the rate of meta- 
bolic processes is related to body temperature. In this case the 
decrease in temperature probably directly affects the rate of secre- 
tion of the typhlosole glands. It is not improbable that a seasonal 
metabolic rhythm exists.° 

In order to test the effect of temperature alone in this matter 
and to eliminate the other possible elements, the following experi- 
ment was carried out: 

Checks were kept at room temperature. In each repetition of 
the experiment one jar was placed in the cold water of the outlet 
of an artesian well. When the temperature was sufficiently re- 
duced the experimental starved animals were introduced into 
their respective jars. Meantime concentrations of lake plankton 
were made by filtering through fine bolting-silk, and the plankton 
remaining in the bucket washed out into the check and experi- 
mental jars. Each mussel had a jar to itself. The water in all 
had a decided green tint when agitated, for the concentration was 
in all cases from 100 volumes to 1. The jars were well shaded 
to eliminate the possible action of sunlight in orienting the plank- 
tonts, and thus keeping the food equally available to all. The 
amount of water was equalized, and the mussels so placed that the 
exhalent stream played obliquely upon the sides of the jar and 
maintained an eddy to keep the planktonts in circulation. 

The material was collected at about 10:00 A.M., and about 
three hours were allowed for the temperature adjustment. The 
experiments began at about 1:00 P.M., and continued from three 
to four and one-half hours, usually four. The average tempera- 
ture of the experimental jars at the beginning of the experiments 
was 13.4° C., varying between 12.6° C. and 14.0° C. The aver- 
age of the same jars at the end of the experiments was 13.1° C., 
varying between 12.0° C. and 14.4° C. There was an average 
loss in temperature of 0.3° in these jars. The checks gave an 
average at the beginning of 26.0° C., varying between 23.6° C. 
and 30.0°; at the end an average of 27.2° C., and a variation 
between 24.0° and 29.6° C. The average rise in temperature of 

5 The crystalline style of Mya arenaria is reformed more rapidly during 


summer than winter. Edmondson (J. c.) ascribes this to the increased metab- 
olism of the approaching breeding season. 
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the checks was 1.2° C. At the beginning the checks averaged 
12.6° higher than the others, and at the end averaged 14.1° higher. 
Nearly ten degrees (9.6) separated the lowest check from the 
highest temperature in an experimental jar. As was to be ex- 
pected the atmospheric temperatures created considerable varia- 
tion in the checks (6.4°) and much less in the cooled jars 
(2.4° C.) 

Of the twenty animals used only ten showed partially renewed 
styles. Of these ten only two occurred at the reduced tempera- 
ture, and eight in the checks. The two which appeared in the 
low temperature were smaller than any of the eight formed in the 
checks. Moreover, the two were both in Anodonta, and Ano- 
donta has shown a greater response always than Lampsilis, never 
failing to show some renewal. Lampsilis more slowly loses and 
more slowly regains its style than Anodonta. 

While the number used is small, exact quantitative results are 
here unnecessary, and there is sufficient demonstration of the 
qualitative effect of temperature upon style formation. This 
effect may be partially explainable through the effect of tempera- 
ture upon the cilia and the rate of ingestion. But the reason men- 
tioned above is probably more pertinent, for the intestine was 
usually found to contain food in the experimental animals. 

So long as the quality of the ingested material is right, the 
quantity required to initiate the formation of the style is very 
small. At times a single battery jar of water dipped at random 
from the surface of the littoral has contained sufficient food to 
restore it, in part. Held to the light the water had given no hint 
of green. But after it had been siphoned from one to two hours, 
the resulting thread-like crystalline style contained a conspicuous 
core of green. 

Where food is abundant the length of time needed to renew 
secretion after the beginning of feeding is very short. A fair 
beginning may sometimes be observed within fifteen to thirty 
minutes. Large well-formed styles are sometimes secreted in 
four hours or less. The time depends largely upon the degree of 
starvation. More often twenty-four hours, at least, are required. 
On the whole it is a much more deliberate process than in some 
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tidal forms, where the breaking down and renewal of the style 
occur rhythmically. 

Of passing interest is the observation that small, newly formed 
styles sometimes may be seen coiled up in the stomach, where they 
have pushed forth more rapidly than they could be broken up 
and dissolved against the gastric shield. 

Résumé.—lIt is here contended that the crystalline style accom- 
plishes a number of purposes, for none of which it is entirely 
indispensable, nor entirely a perfect adaptation ; that it is no longer 
performing an identical, single, primitive function traceable to a 
primitive Lamellibranch ancestor. The response of this organ 
to similar conditions is much the same in various bivalves; but 
the tranquil life of the lake has stabilized the feeding activity and 
the style formation in the Unionids, while the styles of some 
species inhabiting the marine littoral are profoundly affected by 
the tidal phenomena. 

The formation and dissolution of the crystalline style goes 
on in the same way that a paper, candle-lighter might, if extended 
to an indefinite length by rolling up a sheet of paper of indefinite 
length, and burning off the free end as rapidly as new paper is 
added at the other. 

There is no evidence that digestion is furthered during the 
passage of food through the style or style sac. 

The feeding of inert substances, both normally and through 
the stomach wall, indicates that the mechanical stimulation of the 
wall of the enteron is not alone the cause of the secretion of a 
new style. The rate of formation of the style is shown to depend 
in part upon temperature. Little food and little time are required 
to set the process going. 


5. THE MECHANISM OF INGESTION. 


It has long been known that the gills with their great multiplica- 
tion of surface are responsible for the movement of respiratory 
water, and for the concentration of food material from the 
water. It is surprising to encounter in the work of so eminent a 
student as Simpson, written only a score of years ago (’99), a 


statement that the siphoning is due to the waving of the palps. 
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It was shown by Posner (’75), Wallengren (’05), and others, 
against the contention of M’Alpine (’88), that the collections of 
food are transmitted to the labial palps, and by their cilia to the 
mouth. The writer shows (J.c.) that the ciliary streams of the 
upper portion of the mantle chamber all tend toward the mouth; 
while those of the lower portion of the visceral mass and mantle 
lead away from the mouth. The latter accomplish the duty 
ascribed by M’Alpine to all the cilia, that of freeing the mantle 
chamber of heavier materials and rejected food clots. 

It was stated by the writer that the food material is subject to 
rejection at four points: (1) the siphons, (2) the point on gills 
and mantle where the food stream passes to the palps, (3) the 
furrowed surfaces of the palps, and (4) the lips, at the mouth. 
More recent observations have all corroborated this: Perhaps 
the fact has not been sufficiently stressed that only an unusual 
chemical or tactual stimulus results in the closure of the siphons 
or lips. The palps somewhat oftener refuse masses from the 
gills and mantle by turning aside. The greater number of reac- 
tions occur as the food stream passes between the contiguous 
palp surfaces. 

The work of Wallengren (’05), and others, has demonstrated 
the action of the labial palps, the ridges of which are capable of 
reversing the food stream. Near the distal margin of each ridge 
of the palp surface the beat of the cilia is toward the apex, both 
in front and behind. When the ridges are inclined forward, the 
effective beat of the cilia is forward; when the ridges alter their. 
axis, the backward-beating cilia are brought into play and the 
others turned under. 

The course of the ciliary streams at the bottoms of the furrows 
between the ridges is much more difficult to observe. Wallengren 
believes that the cilia strike downwards to the edge of the palps, 
and that the resulting streams belong to the excurrent system. 
Siebert (13), working on Anodonta cellensis, says they strike 
in the opposite direction—upward to the apex of the inverted V 
formed by the two palps, thence forwardéto the lips and mouth. 
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(a) The Réle of the Labial Palps. 


The writer has checked the matter as carefully as possible, and 
believes that there is ground for the views of both Wallengren 
and Siebert. The details of arrangement may not correspond 
exactly in the several species. On the lower half of the palps the 
cilia under consideration usually strike downward, and those of 
the upper half strike upward. Thus the lighter and finer particles 
tend to be drawn upward and forward as food, while the heavier, 
coarser, materials are more likely to be carried downward. The 
differentiation of the mechanism corresponds pretty well to that 
of the upper and lower portions of the ciliated surfaces of the 
mantle chamber as a whole. It is impossible to make direct 
observation of the streaming on any one ridge of the palps. But 
where substances of varying fineness are placed together on the 
palps, such as carborundum dust and carmine, there is a tendency 
to assort them. The carborundum particles move along the 
apices of the ridges and are carried nearly lengthwise of the palps. 
The carmine gravitates farther into the furrows between the 
ridges. Near the lower margin of the palps carmine is carried 
obliquely downward and forward, and on the average reaches the 
lower edge of the palps before the carborundum. When placed 
on the upper portion of the contiguous palp surface, carmine is 
drawn upward and forward to a greater extent than the car- 
borundum, then forward toward the mouth. 

The respective upward or downward pull upon the carmine may 
be accentuated by stretching the palps lengthwise, thus drawing 
the ridges farther apart and exposing the cilia of the furrows to 
a greater extent. 

Attempts were made to effect a reversal of the ciliary currents 
of the furrowed surface of the palps by injections of curari, 
strychnin, atropin, pilocarpine, and by electric stimulation. The 
injections were made through the body wall into the sinuses near 
the base of the palps. Observations were made at various in- 
tervals from ten minutes up to several hours after injection. It 
was never found possible to control the reaction. There was a 
perceptible response to none of the several drugs except strychnin. 
This sometimes caused a contraction, at other times a relaxation 
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of the palps. When the palps were in a state of contraction, most 
of the streaming carmine and carborundum were drawn to the 
edge and into the mantle chamber. These meager results tend to 
corroborate previous observations on the reaction of the palps— 
that food may be rejected through a greater or less erection of the 
ridges. Negative results prove nothing, while ever so slight posi- 
tive evidence may be taken as an indication that a reversal of the 
ciliary streams can, and actually does, take place, through the 
bringing of another set of cilia into play. 

The above shows clearly that the palps bear two sets of cilia 
working at right angles to each other. Due to their interaction 
materials often travel obliquely downward or obliquely upward. 
The former materials are eliminated at the lower edge of the 
palps, the latter reach the mouth. 

The effectiveness of the assorting mechanism is well brought 
out by the measurements of the ingested particles. The largest 
fragment I have ever secured from the enteron was found in the 
intestine—a pinnately branched alga 3.3 mm. in length, probably 
Myxonema, The second largest particle was a bit of Oscillatoria, 
1.5 mm. in length. It is unusual in Winona Lake mussels to en- 
counter fragments of greater length than 500 microns. Starved 
individuals, probably experiencing a sensation akin to hunger, are 
observed to ingest freely much more large material than under 
normal circumstances. 

Nelson (’18) has described the action of the food sorting 
cecum of Modiolus, a diverticulum of the stomach. Since 
Modiolus ingests large quantities of sand in its periodic feeding, 
Nelson’s cecum affords a means of separating food from sand. 
It has been shown elsewhere in this paper that feeding in the 
Unionide is a more constant function, and that little sand and 
mud are taken into the stomach. The gills and labial palps are an 
entirely sufficient assorting mechanism. 


(b) The Gills as an Assorting Mechanism. 


Little attention has been given to the gills as having a possible 
food-sorting function. I find that they play no small part. Clots 
of mucus taken from various parts of the gills and palps have 
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been examined, and often contain little but the finest ingestible 
material. This was well shown in the case of a Gla@ocapsa cul- 
ture fed to a starved mussel. The culture was very pure except 
for numerous fragments much coarser than the Gla@ocapsa itself. 
There was an almost complete separation of Gleocapsa from the 
other material by the gills themselves. Almost all the larger 
fragments had been separated out by the gills themselves before 
the finer had been agglutinated in mucus. Little of the former 
was found in the masses present in the alimentary tract. 

The marsupial function of the gravid gill of the female inter- 
feres somewhat with its respiratory and food collecting functions. 
Ortmann (’12) has shown that secondary water tubes appear, in 
which water circulates about the egg masses, and accomplishes 
the aeration of the eggs and glochidia. Yet the volume of water 
siphoned is much less than in the case of the non-marsupial gills. 
This is well brought out by the fact that the gravid females almost 
invariably regenerate the crystalline style much more slowly than 
others. When kept under artificial conditions for some time the 
gill-masses are usually aborted, another indication that the gravid 
gills are unable to meet all the demand upon them. The greater 
remoteness of the marsupial gill has suggested that it has become 
differentiated for the storage of the eggs and has lost its food 
collecting function. This notion is pretty well refuted by the 
facts mentioned above concerning the regeneration of the style in 
gravid females as compared with non-gravid females. It has 
also been suggested that the mantle has taken over much of the 
respiratory duty of the gills. If this were true the gravid female 
should be under no special respiratory difficulty. When first 
brought into captivity these females die at a much greater rate 
than others. The accessory water-tubes seem to be a very im- 
perfect makeshift, sufficient perhaps for the glochidia, but afford- 
ing the mother little aid. 

Since in the gills and palps there exists a mechanism well 
adapted for the sorting of food; since both observationally and 
experimentally this mechanism is shown to accomplish a con- 
centration of food; and since the contents of the alimentary 


canal have a decided green or brown color due to such concentra- 
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tion, we may feel safe in the reiterated conclusion that the 
Unionids exercise choice in the ingestion of materials. As stated 
by Zacharias (’07), Petersen (’11), the writer (’14), Baker 
(716), and others, considerable quantities of inorganic and organic 
debris are carried into the stomach with food. Probably much 
of the stuff which Evermann and Clark (’17) call “mud” is 
organic. The fact that neither they nor other writers list sand in 
the stomach contents is further evidence of a selection of food 
material, and that river species are not an exception. Starved 
mussels were placed in the lake in two localities—(1) an open 
leeward shore in clear water; (2) near the outlet of Pocahontas 
creek, in muddy water following a rainstorm. The mussels of the 
first situation reformed the crystalline styles within a few hours. 
The others contained great quantities of muddy mucus, and did 
not have well renewed styles until the following day. The slow 
renewal of the style may be accounted for in part by the dilution 
of the food. But the presence of mud must be held partially ac- 
countable, for immediately after the subsidence and clearing of 
the water it was always found to contain ample food material to 
renew the style promptly. 

In most species the position of the siphons at some distance 
above the substratum tends to keep out most of the grosser 
particles, admitting little but plankton and other materials in 
suspension. 

In the discussion of the crystalline style (p. 227) the feeding of 
specific inert substances were recounted. When such materials 
which were readily identifiable were admitted with the incurrent 
water they were in no case found in the alimentary tract. As 
far as size is concerned these particles could very readily have 
entered the mouth. Since all were rigidly excluded we cannot 
doubt that sense organs exist for their detection, and that the 
assorting mechanism is a fairly effective one. Of the materials 
mentioned only starch might be expected to have a food value, 
though we cannot assume that it is in acceptable form. As a 
matter of fact the rejecting reactions were more vigorous in re- 
sponse to starch than to the other substances. 

In the above experiments on the crystalline’ style neutral sub- 
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stances were introduced through the body, wall into the stomach. 
At later periods the intestine and rectum were opened. Carmine 
and starch grains were recognized throughout the length of the 
alimentary canal. Only a few carborundum flakes were found 
in the intestine, and the rest were not carried out of the stomach. 
It is thus shown that the ciliary streams of the intestine are 
capable of manipulating only minute particles. The cilia are too 
small or too sparse to take care of the 120-gauge carborundum, 
even in suspension in the liquid of the gut. Thus they must be 
altogether inadequate to keep a stream of sand in motion, if sand 
were ingested, unless it were of extremely fine grade. 


(c) The Marly Incrustation of the Shell. 

Since the dense, limy incrustation deposited on the exposed por- 
tions of the shells of lake mussels is the site of the active prolifera- 
tion of diatoms, I suggested (l.c.) that this might be a source of 
food. In order to test its food value the following simple experi- 
ment was made: 

A number of freshly collected mussels were placed in an aquar- 
ium; an equal number, having the incrustation scraped and 
washed off, acted as controls. During intervals, covering several 
days the animals were opened and the condition of the crystalline 
styles noted. The experimental animals were found to contain a 
trace of the style up to the fifth day, while the checks had virtually 
lost it by the end of the second day and entirely lost it on the 
third. Of course the crowding created rather special conditions, 
unlike those of the lake. The conclusion is that the incrustation 
contains considerable food. 


6. SUMMARY AND CONCLUSIONS. 


1. Feeding in the Najades is a nearly constant function under 
normal conditions. The presence of much undigested and some- 
times living matter in the rectum and feces shows that there is a 
greater fluctuation in the degree of digestion than in the rate of 
ingestion. 

2. The posture of a mussel has no effect upon the continuity 
of the feeding process, a further indication that under normal 
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circumstances ingestion may go on with less effort than an inter- 
ruption of feeding. 

3. The return of undigested material from the intestine through 
the style sac to the stomach is an unusual occurrence in the 
Najades, which takes place only after periods of starvation, and 
which is interrupted with the reformation of the style. It is a 
function much less significant in the Najades than in the tidal 
forms. 

4. Experiments in feeding relatively finer and coarser plankton 
show that both are capable at least of stimulating the renewal of 
the crystalline style. Both have food value. It is probable that 
the nannoplankton furnishes a much greater part of a mussel’s 
food than has been suspected. The studies of intestinal contents 
of the Unionids have not demonstrated what the actual food is, 
but rather the undigested residue. Experiment here has shown, 
however, that the organisms undigested in the feces are some- 
times digested, under another set of conditions. 

5. Starved animals fed in Pocahontas creek below the outlet of 
a sewer showed the following peculiarities in intestinal contents: 
(1) the occurrence of many relatively large organic fragments ; 
(2) abundance of minute flagellates ; and (3) great quantities of 
Oscillatoria filament. 

6. The regeneration of the crystalline style is in response to the 
ingestion of food, and not due to the physico-chemical character 
of the water. 

7. Creek-fed mussels show a variation in the color of the style 
through hyaline, amber, and milky. The apparently rhythmic 
character of this variation corresponds roughly to the variation of 
sewage discharged from a septic tank. The milky color is ac- 
counted for by the presence of bacteria. 

8. A repetition of experiments in feeding infusions indicates 
that flagellates (and bacteria) present are responsible to a greater 
extent for the renewal of the style than are the bulkier ciliates. 

9g. The reformation of the crystalline style is a satisfactory 
index of the renewal of the feeding activity. 

10. The function of the crystalline style varies. It may more 
or less imperfectly perform several functions at once. The 
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rhythmic loss and renewal of the style in tidal forms has no 
parallel in freshwater species. 

11. The feeding of specific substances in high concentration 
never produces a renewal of the crystalline style unless such sub- 
tances have a food value. No indication was observed that the 
stimulus for its secretion is a mechanical one. 

12. The style is much less readily formed in autumn or winter. 
That temperature is responsible is shown by experiments in which 
starved mussels were fed a concentration of plankton in water of 
high and low temperature, respectively. 

13. A very small amount of plankton is sufficient to stimulate 
style formation. Also only a short time is required. 

14. The labial palps are the primary assorting mechanism. 
The gills are of considerable importance in this matter also. 

15. Sand is never ingested, at least by lake forms, and mud but 
slightly. Much less inorganic debris finds its way into the 
stomach than would be the case if selection were not exercised by 
the gills and palps. 

16. The cilia of the alimentary canal are unable to move coarse 
materials, or to maintain a stream of sand or heavy mud. 

17. Gravidity of the gills is a serious hindrance to the respira 
tory and alimentary activities. 
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